Simultaneous and rapid measurement of the surface potential (SP) and nanomechanical properties (NMPs) of materials plays an important role in the study of, for example, piezoelectric materials and multi-component composites. In our previous study, a multiparametric Kelvin probe force microscopy (MP-KPFM) was developed to simultaneously measure SP and NMPs using traditional silicon probes. However, its temporal resolution is severely limited by the lower mechanical bandwidth of traditional silicon probes. Here, a composite atomic force microscope (AFM) probe capable of effectively increasing the measurement rate of MP-KPFM was developed. The proposed composite probe consisting of a polymer microcantilever and a silicon tip was fabricated using photolithography and microassembly techniques. Compared to the traditional silicon probe with a similar stiffness, its mechanical bandwidth is increased by about 4 times, which enables fast measurement by implementing the MP-KPFM at higher peak force drive frequencies. Experimental results show that the composite probe's peak force drive frequency is up to 4 kHz, whereas the traditional silicon probe is limited to about 1 kHz. Multiparametric mapping results of a polymer grating demonstrate the capability of the composite probe in fast and simultaneous measurement of SP and NMPs. The proposed composite probe has excellent compatibility and scalability due to the combination of the high mechanical bandwidth of the polymer microcantilever and the rigidity of the silicon tip, which provides a new idea for the development of multifunctional AFM probes.
I. INTRODUCTION
Atomic force microscopy (AFM) [1] can achieve nano-scale resolution imaging of the surface potential (SP) [2] - [5] and nanomechanical properties (NMPs) [6] - [8] . It studies the properties of a sample by detecting the interaction between a nanoscale tip fixed on a cantilever and a sample [9] . Therefore, the force-sensing AFM probe plays an indispensable role which in charge of converting the tip-sample interaction into a voltage signal measured by a position sensitive detector (PSD) [10] . The quality factor of the AFM probe represents its response speed to oscillation and defines the The associate editor coordinating the review of this manuscript and approving it for publication was Zhixiong Peter Li . mechanical bandwidth of the AFM probe [11] . As the time resolution of the AFM continues to increase, the need to develop high-bandwidth AFM probes is becoming increasingly important.
The performance of the probe is not only related to the geometry of the cantilever, but also to the Young's modulus and the damping coefficient of the material used in the cantilever. Therefore, there are two main directions involved in the study to improve the mechanical bandwidth of the probe: (I) Optimizing the geometry of the cantilever, such as ultrashort probes [12] , which are typically composed of materials with high Young's modulus and low damping coefficient [13] , and are primarily used for high-speed topographical characterization in specific commercial AFM systems [14] - [16] .
(II) Changing the material of the cantilever. Various materials with lower Young's modulus (<4 GPa) and larger damping coefficient, e.g. SU-8 photoresist [17] , [18] , have been proposed to fabricate AFM probes [17] , [19] - [22] , which can enable fast detection and characterization [23] , [24] of fragile materials such as polymer semiconductors [25] or biological cells [26] . Therefore, polymer materials have become a new material for the preparation of fast-responding AFM probes [24] , [27] , [28] . However, when measuring the NMPs of a sample, in order to be able to ignore the deformation of the tip during the indentation, the Young's modulus of the probe tip is required to be much higher than that of the sample [29] . Thus, a polymer tip with low Young's modulus limits its measurable range of Young's modulus, making it primarily suitable for the measurement of soft materials.
To address the above-mentioned problems, a novel composite probe was proposed by assembling a silicon tip onto a polymer microcantilever, which inherits the advantages of high mechanical bandwidth of the polymer microcantilever and high hardness of the silicon tip. The performance of the proposed composite probe is significantly improved compared to traditional silicon probes. Its mechanical bandwidth is increased by about 4 times compared to a silicon cantilever of similar stiffness. In our previously developed multiparametric Kelvin probe force microscope (MP-KPFM) [30] , the SP is measured during lifting of the probe. After the tip and sample are separated, the cantilever requires a certain decay time to transit to a steady state [24] , [31] , and the required decay time is inversely related to the mechanical bandwidth of the probe. The developed composite probe can significantly reduce the decay time and effectively improve the time resolution of the MP-KPFM. Experimental results show that the composite probe can rapidly and simultaneously characterize the SP and NMPs of materials with the high Young's modulus (E>1 GPa). This work will facilitate the application of AFM technology in the field of interface measurement.
The paper is organized as follows. Section II describes the experimental details, including the working principle of the MP-KPFM and the fabrication of the composite probe. The performance of the proposed composite probe is tested in Section III. Simultaneous measurement of SP and NMPs is performed in Section IV. Section V concludes this paper.
II. EXPERIMENTAL DETAILS A. WORK PRINCIPLE OF THE MP-KPFM
As shown in Fig. 1 , the mechanical drive signal of the probe for each measurement cycle in the MP-KPFM [30] consists of two parts: a peak force drive signal (Gaussian wave, much lower than the first-order resonant frequency of the probe, f Gauss f 1st ) and a mechanical excitation with a small amplitude at its second-order resonant frequency (f 2nd ). Each measurement cycle is divided into four working periods. Part A: the probe approaches the sample. Part B: the probe interacts with the sample. The NMPs of the sample are obtained at this stage. The snap-in point and pull-off point are the initial contact point and the final detachment point of the probe and the sample, respectively. Part C: after the probe is detached from the sample, the free oscillation of the probe can be described by an exponential function. Part D: the probe maintains a stable mechanical oscillation at its second-order resonant frequency and the distance from the sample is constant (lift-up mode). At this stage, the SP of the sample is measured by using a direct current source (U DC ) to compensate for the contact potential difference (CPD) between the sample and the probe.
The time consumed in parts A and B is determined by the peak force drive frequency (f Gauss ), whereas the time consumed in part C is determined by the mechanical bandwidth of the probe. Therefore, the mechanical bandwidth of the probe limits the duration of the part D that can be used for SP measurement or the maximum frequency of the peak force signal (f Gauss ), in other words, the time resolution of the MP-KPFM. To increase the time resolution of the MP-KPFM, a microassembled composite probe is proposed, whose polymer microcantilever will significantly reduce the decay time of the probe (i.e., increase its mechanical bandwidth).
B. MICROASSEMBLY SYSTEM
As shown in Fig. 2 , the proposed composite probe was fabricated on a high-precision micromanipulation system with a cantilevered micropipette probe (CMP) [32] . This system mainly consists of two optical microscopes (top view and side view), three holders, an AFM control system (an oscillation controller system, a PSD and a laser) and a pneumatic system (which enables positive and negative pressure switching at the CMP end, not shown here). During the manufacture of the composite probe, a CMP connected to the pneumatic system is mounted on a rotary holder with a piezo (holder I) to achieve absorption or deposition of the glue by adjusting the pressure ( P). The polymer microcantilever and the silicon tip are fixed on the holder II and the sample stage (holder III), respectively. Three micropositioning stages (MS-I, MS-II and MS-III) are used to move and align the CMP, the silicon tip and the polymer microcantilever, respectively. Two nanopositioning stages (NS I and NS II, providing subnanometer motion during assembly) precisely control the interaction between the polymer microcantilever and the CMP tip or the silicon tip based on the feedback signals acquired by the oscillation controller system. The more detailed descriptions can be found in our previous research [32] .
C. FABRICATION OF THE COMPOSITE PROBE
The polymer microcantilevers required for the composite probe were fabricated using the SU8-Photoepoxy (GM1040, Gersteltec Sarl) by photolithography. The backside of the polymer microcantilevers has a vapor-deposited aluminum coating with thickness 300 nm to ensure the intensity of the reflective laser of the composite probe. The desired silicon tip was obtained by the focused ion beam technology to cut a traditional silicon probe (HQ: NSC36/Al-BS, MikroMasch). To obtain the polymer microcantilever with different stiffness, seven polymer microcantilevers with different lengths were designed, from 120 µm to 180 µm with a step of 10 µm. In addition, the width and thickness of the polymer microcantilever were designed to be 35 µm and 3 µm, respectively. Fig. 3 is the scanning electron microscope (SEM) images of the polymer microcantilevers, which shows the physical dimensions of the polymer microcantilevers consistent with the initial design parameters. The decay time (τ ) of the polymer microcantilever can be given as [11] :
where Q and f are the quality factor and the resonant frequency of the polymer microcantilever, respectively. ω = 2πf is the angular frequency. The mechanical bandwidth of the polymer microcantilever is equal to the reciprocal of the decay time (1/τ ). The stiffness (k) of the polymer microcantilevers can be calibrated by the Cleveland method [33] . In this method, k can be determined by:
where f m is the first-order resonant frequency (f 1st ) of the polymer microcantilever. f m is the frequency shift of the first-order resonance frequency of the polymer microcantilever after adding a known mass ( m), wherein a polystyrene (PS, ρ = 1.05 g/m 3 ) microbead with a diameter of 10 µm is used as the known mass in this paper.
The measurement results of the polymer microcantilever prepared in this paper are shown in Table 1 . The stiffness of the polymer microcantilevers vary from 1.02 to 3.58 N/m due to the different length of the microcantilevers. Their mechanical bandwidth also show a gradual trend (increasing as the stiffness increases, 1/τ 1st : from 4.8 to 9.5 kHz, 1/τ 2nd : from 11.9 to 29.6 kHz). The measurement results indicate the mechanical bandwidth of the polymer microcantilever is significantly improved even when the stiffness of the polymer microcantilever is smaller than that of a traditional silicon probe (HQ: NSC18/Al-BS: k = 2.71 N/m, 1/τ 1st = 1.12 kHz and 1/τ 2nd = 3.55 kHz, see the Fig. 5(b) ), and prove that the polymer microcantilever prepared by photolithography has a flexible stiffness and excellent dynamic characteristics, which facilitate the popular use of the polymer microcantilever. The difference between the first-order and secondorder mechanical bandwidths of the same microcantilever is mainly due to the increase of the damping of the air and the microcantilever as the vibration frequency of the microcantilever increases [34] . Fig. 4(a) shows the flow of assembling a silicon tip onto a polymer microcantilever. Firstly, the silicon tip and the polymer microcantilever were aligned. Then, the glue (epoxy adhesive, A-05HP, Angeluo, lap shear strength: 18 N/mm 2 ) was deposited to the front end of the polymer microcantilever by the CMP. Next, the silicon tip was adhered to the polymer microcantilever. After 20 minutes, the slender neck of the silicon tip was broken using a tip-visible probe (AETC-NC, Nanosensors) to separate the tip from its native cantilever. Finally, a gold coating was sputtered on the composite probe by the magnetron sputtering to ensure that the probe has excellent electrical conductivity. The SEM images of the prepared composite probe are shown in Fig. 4(b) , which shows that the length, width and thickness of the polymer microcantilever are 138 µm, 35.4 µm and 3.75 µm, respectively. The tip height and setback are 15.6 µm and 12.5 µm.
III. PERFORMANCE TESTS OF THE COMPOSITE PROBE
To verify the performance of the composite probe, the test results of the composite probe were compared with those of two traditional silicon probes. One probe is similar in stiffness (HQ: NSC18/Al-BS, MikroMasch) and the other is similar in geometry (160AC-NA, MikroMasch). Fig. 5 shows the resonant frequency of the three probes, where the solid black line is the measurement before adding mass and the red dashed line is the measurement after adding mass.
As shown in Table 2 , the performance parameters of three probes can then be obtained according to Eq. (1) and Eq. (2). The test result shows that the mechanical bandwidth of the composite probe is increased by about 4-5 times in the case of similar stiffness compared to the traditional silicon probe (HQ: NSC18/Al-BS). In addition, although the first-order resonant frequency of 160AC-NA is much higher than HQ: NSC18/Al-BS, its mechanical bandwidth (2.53 kHz) is not significantly improved. This slight improvement is mainly caused by an increase in the air damping due to an increase in the resonant frequency [34] . The above results indicate that in the case where the cantilever has the same shape, the mechanical bandwidth of the probe mainly depends on the material of the cantilever. Since the 160AC-NA probe has a stiffness of up to 25.4 N/m, it is not suitable for amplitude-modulation (AM)-KPFM mode in which MP-KPFM operates [35] . Therefore, the subsequent comparison was carried out between the traditional silicon probe (HQ: NSC18/Al-BS) and the composite probe. Fig. 6 shows the force feedback signals for the traditional silicon probe and the composite probe with an adhesion of approximately 65 nN, which were obtained at four different peak force drive frequencies (f Gauss = 1, 2, 3 and 4 kHz). Due to the presence of adhesion, the probe is vibrating after it separates from the sample. It can be seen from the results that the composite probe does not oscillate significantly after the probe is separated from the sample, regardless of whether the peak force drive frequency is 1 kHz or 4 kHz, which indicates that the consumption of the part C is short, that is, sufficient time is available for the SP measurement. For the traditional silicon probe, when the peak force drive frequency is 1 kHz, there is still adequate time to attenuate the oscillation of the probe, and there is a certain time for measuring the SP. However, when the peak force drive frequency is 2, 3 and 4 kHz, the time interval from the pull-off point to the next snap-in point is less than or equal to the time required by the part C. That is to say, the traditional silicon probe does not have enough part D for the SP measurement at the peak force drive frequencies of 2, 3 and 4 kHz. The above results indicate that when the SP and NMPs of the sample are simultaneously measured using the MP-KPFM method, the time resolution of the traditional silicon probe is even less than a quarter of the time resolution of the composite probe.
In the MP-KPFM, the second-order feedback signal of the probe is used to achieve the SP measurement of the sample. Fig. 7 shows the force feedback signals and the second-order amplitude & phase signals of two probes that were obtained at different peak force drive frequencies (HQ: NSC18/Al-BS: 2 kHz, Composite Probe: 4 kHz). It can be seen that the transition portion (Part C) is weakened due to low adhesion (<10 nN), but the second-order amplitude of the traditional silicon probe has a significant transition, and its phase signal also appears fluctuations. However, the secondorder amplitude and phase of the composite probe remain approximately constant (in a steady state) after the probe is separated from the sample, which provides reliable feedback signals and sufficient time for the SP measurement. Since the relationship between the second-order phase of the probe and U DC is monotonic, the phase feedback has better anti-interference ability than the amplitude feedback, so the second-order phase is selected as the feedback signal for the SP measurement in the MP-KPFM measurement [30] , [36] .
The above comparison results show that the composite probe has obvious advantages in performing MP-KPFM measurement compared to the traditional silicon probe. Its highbandwidth feature can increase the time resolution of the MP-KPFM by about 4 times, and its silicon tip also has a wide Young's modulus measurement range (E>1 GPa).
IV. RESULTS AND DISCUSSION
To demonstrate the superior performance of the composite probe described above, the prepared composite probe was utilized to fast and simultaneously measure the SP and NMPs of a polymer grating sample at a high time resolution. The polymer grating sample was prepared by depositing the light curable adhesive (LCA, Loctite, 352) into a PS (Aladdin, CAS: 9003-53-6, P107085) trench prepared by soft lithography [37] . After the LCA was sufficiently dispersed into the PS trench, it was cured by irradiation with ultraviolet light (365 nm). The more detailed preparation process can be seen in previous research [30] .
The experimental parameters used to perform the MP-KPFM using the prepared composite probe are described in Table 3 , where the Gauss signal and U m are the mechanical drive signals of the probe, and U AC is a sinusoidal electric signal used to form an alternating electric field between the probe and the sample. In addition, the sample was connected to the positive electrode of U DC in the experiment. Fig. 8 shows the measurement results of the polymer grating using the composite probe. Fig. 8(a) is the topography of the polymer grating. As seen from the profile in Fig. 8(d) , the height difference between the LCA and PS is from 60 nm to 150 nm. The adhesion mapping shown in Fig. 8(b) clearly shows that the PS and LCA have different surface characteristics under the same conditions. The statistical result shown in Fig. 8 (e) displays that the adhesion between the PS/LCA and the gold-coated probe is 40.70 ± 9.48 nN (PS-Au) and 70.09 ± 9.26 nN (LCA-Au), respectively.
The reduced Young's modulus (E * ) of the polymer grating was calculated by the Derjaguin-Muller-Toporov model [38] :
where F is the force exerted by the probe on the sample, F adh is the adhesion between the probe and the sample, R and δ are the tip apex radius and the indentation depth of the sample. Fig. 8(c) is the reduced Young's modulus imaging of the polymer grating, which clearly identifies the LCA and PS components. The bimodal fitting curve of the statistical distribution shown in Fig. 8(f [30] , [39] . Compared with reference [30] , the difference in standard deviation is mainly caused by the inherent nonuniformity of sample properties. It is almost impossible to measure the NMPs of materials with similar Young's modulus using polymer AFM tips. Due to the difference in Young's modulus of the sample, the deformation of the sample is also different when an equal force is applied to the sample. Fig. 8(g) is the deformation mapping of the sample when the probe applies the maximum force to the sample (F max ∼ =17 nN). As can be seen from Fig. 8(j) , the deformation of the PS and LCA are 3.73 ± 0.80 nm and 13.60 ± 1.71 nm, respectively. As shown in Fig. 8(h) , the CPD mapping also clearly distinguishes the difference in SP between the PS and LCA. Fig. 8(k) shows that the CPD between the polymer grating and Au-coated probe is -596.34 ± 345.41 mV (LCA) and -1136.78 ± 231.07 mV (PS), respectively. Considering that the sample was connected to the positive electrode of the U DC in the experiment, the experimental results show that the SP of the PS is about 540 mV lower than the SP of the LCA. During the measurement of the SP, the phase was used as a feedback signal to eliminate the electric field force between the sample and the probe, keeping the phase equal to zero by adjusting the U DC . Therefore, the offset of the phase with respect to the zero point represents the measurement error of the CPD. Fig. 8 (i) and (l) show that the phase is basically consistent during SP measurement, with a average value of -0.01 • . The linear fitting result of the inset in Fig. 8(i) shows an absolute slope of 117.94 deg/V, which means that the average error is -0.08 mV.
V. CONCLUSION
In conclusion, a composite AFM probe consisting of a polymer cantilever and a silicon tip was developed. Compared with the traditional silicon probe in terms of dynamic performance, the mechanical bandwidth of the prepared composite probe is significantly improved by about 4 times, which effectively improves the measurement rate of AFM in quantification of surface properties of materials. Experimental results show that the proposed probe significantly improves the time resolution of the MP-KPFM in simultaneously measuring the surface potential and nanomechanical properties of materials. The probe with such a composite structure effectively solves the problem of low mechanical bandwidth of the traditional silicon probe and insufficient hardness of the polymer probe tip, and provides a new idea for developing multifunctional probes. It has great potential in optimizing the existing AFM methods and developing a new AFM methods.
